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Abstract 14 
Purpose: To determine how high and low contrast visual acuities are affected by blur caused 15 
by crossed-cylinder lenses. 16 
Method: Crossed-cylinder lenses of power zero (no added lens), +0.12 DS/-0.25 DC, +0.25 17 
DS/-0.50 DC and +0.37/-0.75 DC were placed over the correcting lenses of the right eyes of 18 
eight subjects. Negative cylinder axes used were 15-180 degrees in 15 degree step for the two 19 
higher crossed-cylinders and 30-180 degrees in 30 degree steps for the lowest crossed 20 
cylinder. Targets were single lines of letters based on the Bailey-Lovie chart. Successively 21 
smaller lines were read until the subject could not read any of the letters correctly. Two 22 
contrasts were used: high (100%) and low (10%). The screen luminance of 100 cd/m2, 23 
together with the room lighting, gave pupil sizes of 4.5 to 6 mm. 24 
Results: High contrast visual acuities were better than low contrast visual acuities by 0.1 to 25 
0.2 log unit (1 to 2 chart lines) for the no added lens condition. Based on comparing the 26 
average of visual acuities for the 0.75 D crossed-cylinder with the best visual acuity for a 27 
given contrast and subject, the rates of change of visual acuity per unit blur strength were 28 
similar for high contrast (0.340.05 logMAR/D) and low contrast (0.370.09 logMAR/D). 29 
There were considerable asymmetry effects, with the average loss in visual acuity across the 30 
two contrasts and the 0.50D/0.75 D crossed-cylinders doubling between the 165 and 60 31 
negative cylinder axes. The loss of visual acuity with 0.75 D crossed-cylinders was 32 
approximately twice times that occurring for defocus of the same blur strength.  33 
Conclusion: Small levels of crossed-cylinder blur (≤0.75D) produce losses in visual acuity 34 
that are dependent on the cylinder axis. 0.75 D crossed-cylinders produce losses in visual 35 
acuity that are twice those produced by defocus of the same blur strength. 36 
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Introduction 40 
There have been several studies investigating the influence of defocus on visual acuity 41 
and other measures of visual performance, but there have been few studies of astigmatism 42 
either in the form of crossed-cylinder astigmatism or cylinder. On geometric theory grounds, 43 
the effect of crossed-cylinder astigmatism should have the same influence on visual acuity as 44 
defocus of the same blur strength eg a +0.50 DS/-1.00 DC lens should have the same 45 
influence as 0.50 DS. This has been supported empirically by an analysis of Pincus’ data1 by 46 
Raasch.2 Raasch determined the equation of  47 
logMAR = 0.48 + 1.07(logB) + 0.46(logB)2 48 
Here logMAR is visual acuity in log minutes of arc and B is the blur strength. The latter is 49 
defined as the square root of the sums of squares of vectors M, J180 and J45 ie 50 
B = √(M2 + J1802 + J452)  51 
Here M is the spherical equivalent error, J180 is the 90/180 component of the crossed-52 
cylinder error and J45 is the 45/135 component of the crossed-cylinder error. The visual 53 
acuity equation is indeterminate for a blur strength of 0, but comparing blur strengths of 0.07 54 
D (about the lowest value giving a sensible result) and 0.375 D suggests an influence of the 55 
latter on visual acuity of 0.25 logMAR, or about two and a half lines on many visual acuity 56 
charts.  57 
Although not supported by any statistics, Remón et al.3 claimed that cylinder axis did not 58 
have a significant effect on results, despite some of their presented results showing better 59 
visual acuity with axis 90° (positive axis 180° when given as a plano-cylinder) than for other 60 
axes. They found that the type of chart was important. Rates of change of visual acuity for 61 
three charts were 0.28 to 0.37 logMAR/D of blur strength at unspecified pupil sizes. Suorsa et 62 
al.4 found blur strength to be a good predictor of visual acuity, while Schwendeman et al.5 63 
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found that added positive cylinders reduced visual acuity with increasing effect for the 64 
cylinder axes 180, 90, 135 and 45 degrees. 65 
Rubin and Harris6 determined the recognizability of a letter O, for 5 subjects, for a range 66 
of crossed-cylinder astigmatism and defocus relative to a subjective correction in 5 subjects 67 
using a 6/18 letter. This was a considerable undertaking as they took 50 repeated 68 
measurements in approaching the limit in two directions and in 5 deg steps. They determined 69 
ellipsoids of particular probability densities. When considering only the added crossed-70 
cylinders, ellipses were formed. In most cases these did not depart much from circles (major 71 
axis/minor axis < 1.2 for 4 subjects), but one case was quite elliptic (major axis/minor = 1.7), 72 
representing a considerable dependence on cylinder axis. 73 
In our subjective depth-of-focus studies, we found effects of 20% and 80% for the 74 
influences of cylinder axis and crossed-cylinder astigmatism axes, respectively, on blur 75 
limits7,8. Miller et al.9 found that 70% of 20 subjects were dissatisfied with +0.50 x 180 added 76 
to spectacle corrections, and this percentage increased to 95% with either +0.50D x 90 or 77 
+0.50D x 45. 78 
We have undertaken a small scale study to investigate the influence of crossed-cylinder 79 
astigmatism and its orientation on visual acuity. We were interested in the small levels of 80 
astigmatism that might be found as errors in refractions or might be of the order of the 81 
differences found between methods and so restricted ourselves to a range of 0.37 D. This 82 
study investigated the influence of a “wavefront guided” refraction technique as compared 83 
with a subjective refraction, and to have as normal conditions as possible we did not use 84 
cycloplegia for the majority of the study. 85 
 86 
87 
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METHODS 88 
 89 
Subjects 90 
This study followed the tenets of the Declaration of Helsinki and received ethical 91 
clearance from Queensland University of Technology’s Human Research Ethics Committee. 92 
Table 1 gives subject details. There were 8 subjects in good ocular and general health. Age 93 
range was 22 years to 55 years. Only right eyes were used. Subjects had corrected visual 94 
acuities of at least 6/6. Pupil size was estimated with a simple clinical rule to 0.5 mm and 95 
ranged from 4.5 to 6 mm. The refraction range was small and therefore we did not have to be 96 
concerned about vertex distance and position of added trial lenses from the prescription 97 
lenses. 98 
 99 
Refraction 100 
Subjective refraction was done by one of the authors using the crossed-cylinder method 101 
and with best sphere determined as max plus/equalization on duochrome for a 6 m distance. 102 
The left eye was occluded. Room lighting was varied to achieve a pupil size of at least 4 mm. 103 
The chart was a high contrast chart of luminance 100 cd/m2. 104 
 105 
Objective refraction and aberration measurements were done with the i.Profiler (Carl 106 
Zeiss Vision, Aalen, Germany), a Hartmann-Shack type of aberrometer. Room lighting was 107 
varied so that the pupil size (as given by the aberrometer) was within the range 5.0 to 7.0 108 
mm. The i.Profiler took three sequential measurements, and the results were sent to Carl 109 
Zeiss Vision and converted to “wave guided” refractions using their proprietary method. The 110 
refractions were corrected for infinity. Precision of manufactured lenses (both prescribed 111 
lenses and crossed-cylinders) for sphere and cylinder were within +0.06 D of the refractions. 112 
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Testing 114 
For testing, the prescribed right lens was mounted at the back of the trial frame at the 115 
correct orientation. The other eye was occluded. Cross cylindrical lenses were placed in front 116 
of the trial frame. Subjects were instructed to look through the centre of the lenses. For 117 
testing we used a chart of luminance 100 cd/m2 at a distance of 9.5 m, viewed through a 118 
mirror. The long distance was used to reduce pixilation problems for the smallest letters used; 119 
this created a discrepancy of –0.10 D compared with the infinity refraction distance. 5 x 4 120 
optical optotypes were used from the Bailey-Lovie set (D, E, F, H, N, P, R, U, V and Z). A 121 
single line of five randomly selected letters from the set was presented to the subject, who 122 
read them out. We started at a line at which the subject could correctly read all letters eg the 123 
0.3 or 0.2 logMAR line. At this line we proceeded in 0.1 steps. Subjects were encouraged to 124 
try to read every letter on a line, although if they said they had no idea at all we accepted this. 125 
Letter size decreased until the subject read no letters correctly on a line or said that they could 126 
not recognize any letters. Scoring was as follows. A value of the largest line (correctly read) 127 
was given, and 0.02 log unit subtracted from this value for every additional letter read 128 
correctly. For example, say the line and the number of letters read correctly were as follows: 129 
0.3 logMAR 5, 0.2logMAR 5, 0.1 logMAR 3, 0.0 logMAR 1, -0.1 logMAR 0. This would be 130 
scored as 0.3 – 5(0.02) – 3(0.02) – 1(0.02) = 0.12 logMAR. 131 
Subjects were made aware of the possible letters that were to be shown. Occasionally 132 
more than one letter on a line appeared to be the same – we accepted a particular response 133 
being given more than once for a line. 134 
Two letter contrasts were used: 100% and 10% (Weber contrast ie (background – 135 
letter)/background]. Four lens conditions were used with added lens powers of +0.25 DS/–136 
0.50DC, +0.37/–0.75 DC, +0.12/–0.25 DC, plano (no added lens). The axes used were 15, 30, 137 
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…180 degrees for the two higher crossed-cylinders and 30, 60, … 180 degrees for the lowest 138 
crossed-cylinder. In a first trial, the high contrast letters were presented first, followed by the 139 
low contrast letters. In subsequent even numbered trials the reverse was the case and in 140 
subsequent odd trials the same was the case. In each trial, the cross-cylinder lenses were 141 
presented in a random order, and for each lens there was a randomized order of axes. 142 
Randomization was done using the list randomizer at www.random.org. Each trial took 1.5 to 143 
2 hours with a break between contrasts. Different trials were done on different days. For 6 144 
subjects 6 trials were used, while for 2 subjects (SK, ZC) only two trials were used as they 145 
were unavailable for further trials. 146 
For a comparison with spherical refraction errors, 6 trials for spherical trial lenses of 147 
powers with the approximate power range of –0.50 D to +0.50 D, applied over the wave 148 
guided corrections were included for 6 subjects. Cycloplegia was used in these sessions with 149 
1% cyclopentolate instilled 30 minutes prior to starting the session. This was considered 150 
necessary to prevent accommodation with the addition of negative trial lenses. The trial range 151 
given above was varied for some subjects who demonstrated refraction shifts under 152 
cycloplegia. These trials took approximately 3 hours over two sessions. High and low 153 
contrast measurements were interleaved as described above with randomized order of lens 154 
presentations. An artificial pupil of 5.0 mm was placed close to the eye and the subjects were 155 
instructed to make sure that the chart was in the centre of the field defined by the pupil. 156 
While the comparison was not ideal, for example the astigmatism could change slightly under 157 
the influence of cycloplegia, we believe that it allowed a reasonable indication of the 158 
comparative effects of defocus and astigmatic blur on visual acuity. 159 
160 
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RESULTS 162 
Fig. 1 shows plots of visual acuity as a function of conventional negative cylinder axis 163 
for each crossed-cylinder power. Results are given for all subjects at both contrasts. As there 164 
were only two runs for ZC and SK, compared with 6 runs for the other subjects, their results 165 
should be considered with some circumspection. 166 
High contrast visual acuities were better than low contrast visual acuities by 0.10 to 0.23 167 
logMAR for the plano condition (no added lens) and generally visual acuity decreased with 168 
increase in added crossed-cylinder power. Patterns and magnitudes of visual acuity as a 169 
function of axis varied between subjects and contrasts. Subjects DAA, RT and SK 170 
demonstrated strong dependence of results upon axis (Figs. 1 c-d, e-f, o-p), while AM and 171 
GT showed little such dependence (Figs. 1 a-b, k-l).  172 
Most subjects showed similar rates of change of visual acuity with crossed-cylinder 173 
power for the two contrasts, but AM and SK showed the greater rates of change for low 174 
contrast (Fig. 1b compared with 1a and 1p compared with 1o) and GS showed the greater 175 
rates of change for high contrast (Fig. 1i compared with 1j). Based on comparing the average 176 
of visual acuities for the 0.75 D crossed-cylinder with the best visual acuity for a given 177 
contrast and subject, the rates of change of visual acuity per unit blur strength were 0.34 178 
0.05 logMAR/D and 0.370.09 logMAR/D for high contrast and low contrast letters, 179 
respectively, and the difference in the rates between contrasts was not significant (p > 0.05). 180 
The rates of change for the subjects, across both contrasts, varied from 0.23 to 0.42 181 
logMAR/D. Rates of change of visual acuity with crossed-cylinder power were similar for 182 
most subjects, but GS’ rates of change (Fig. 1i-j) were particularly low.  183 
184 
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Figure 2 shows group data summaries for the two contrasts and range of added crossed-186 
cylinders. Maximum visual acuity (minimum logMAR) with the crossed-cylinders occurred 187 
at about 165 axis, and minimum visual acuity with the crossed-cylinders occurred at about 188 
60 axis. The maximum difference in visual acuities across the 0.50 D and 0.75 D crossed-189 
cylinders and across both letter contrasts was 0.06 logMAR. A repeated-measures analysis of 190 
variance with subjects as repeated measures and contrast, crossed-cylinder power (0.50 D and 191 
0.75 D), and crossed-cylinder axis as within-subject measures, found that crossed-cylinder 192 
axis was a significant source of variation (F11,77 = 3.091, p = 0.002). Post-hoc testing showed 193 
several significant differences between axes, with the 165 axis having better visual acuities 194 
than 15-60 axes, while the 60 axis had poorer visual acuities than 150-180 and 15 axes. 195 
The average loss in visual acuity across the two contrasts and the 0.50D/0.75 D crossed-196 
cylinders increased by 107% between the 165 and 60 negative cylinder axes. 197 
Fig. 3 shows contour maps of visual acuity as a function of crossed-cylinder component 198 
J180 versus crossed-cylinder component J45. The centre of each map, marked with a cross, 199 
corresponds to the wavefront guided prescription. Values rightwards/leftwards represent 200 
crossed-cylinders with negative axis of 0 (180)/90 degrees and values upwards/downwards 201 
represent crossed-cylinders with negative axis of 45/135 degrees; in other words the right 202 
sides of the maps correspond to 0 degrees with a full circle clockwise rotation increasing this 203 
angle to 180 degrees. The crossed-cylinder components are given by 204 
J180 = –Ccos(2)/2,  J45 = –Csin(2)/2 205 
where C and  are the negative cylinder magnitude and its axis, respectively. The locations of 206 
the subjective refraction relative to the wave aberration guided refraction are shown as 207 
circles.  208 
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Results for four subjects, at one of the contrasts each, are shown to highlight variations. 209 
GT’s high contrast results had the highest rates of change of visual acuity in the subjects, and 210 
she showed symmetry of results around the waveguided refraction (and also the subjective 211 
refraction)(Fig. 3a). DAA’s high contrast results showed considerable asymmetry with a 212 
crossed-cylinder between 0.25 D and 0.50 D with axis about 110º (J180 0.17 D, J45 0.17 D) 213 
appearing to give the best visual acuity (Fig. 3b). Based on the results shown in Fig. 2, the 214 
average asymmetry effects in these plots should be compression of the contours along 215 
approximately a 330 meridian and an expansion along approximately 120, but DAA’s 216 
results do not fit this pattern with an expansion along about 220. RT’s low contrast results 217 
showed a difference between the waveguided correction and the subjective correction of J180 218 
= 0.17 D, with the waveguided correction having the slightly better visual acuity by 0.03 219 
logMAR (Fig. 3c). RT’s plot asymmetry accords with the average effect of axis across the 220 
subjects. GS’ low contrast results had by far the lowest rate of change in visual acuity of all 221 
subjects (Fig. 3d); it should be noted that he had the smallest pupil size of our subjects. 222 
Based on comparing the average of visual acuities for the 0.75 D crossed-cylinder with 223 
the best visual acuity for each subject, the rates of change of visual acuity per unit blur 224 
strength were 0.35  0.06 logMAR/D, with no significant difference in rate of change for the 225 
two contrasts. The rates of change for the subjects varied between 0.23 and 0.42 logMAR/D. 226 
The rates of change of visual acuity for spherical errors, based on 0.37 D defocus relative to 227 
the refraction for best visual acuity, were much smaller for all subjects, with a mean of 0.16  228 
0.06 logMAR/D and a range of 0.10 to 0.27 logMAR/D. One subject’s results are shown in 229 
Fig. 4. 230 
 231 
232 
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DISCUSSION 233 
We measured high and low contrast visual acuities of 8 subjects wearing wave aberration 234 
guided prescriptions, together with a range of crossed-cylinder lenses placed in front of the 235 
eye. High contrast (100%) visual acuities were better than low contrast (10%) visual acuities 236 
by 0.1 to 0.2 log unit for the no added lens condition. The rates of change of visual acuity per 237 
unit blur strength were 0.35  0.06 logMAR/D, with no significant difference in rate of 238 
change for the two contrasts. They are comparable with the Remón et al.3 result of 0.28 to 239 
0.37 logMAR/D of blur strength across a much wider range of blur levels at unspecified pupil 240 
sizes, and are considerably higher than the Raasch prediction2 of 0.25 logMAR/D.  241 
When plotted as contour maps with the horizontal and vertical axes between the 242 
astigmatic components, the wave aberration guided result had near optimum acuities. In most 243 
cases, the wave aberration guided refraction did not provide significantly different vision than 244 
that for subjective refraction, but this is not surprising as the refraction differences were small 245 
in all our subjects.   246 
Asymmetric effects were considerable. The change in visual acuity at 165 negative 247 
cylinder axis, averaged across both contrasts and 0.50 and 0.75 D crossed-cylinders, was 0.12 248 
logMAR, while at 60 negative cylinder axis for the same conditions it was twice as large at 249 
0.24 logMAR. In a recent study7 we determined astigmatism limits under just noticeable, just 250 
troublesome and just objectionable blur criteria for three letters sizes at 5 mm pupils. The 251 
limits were smallest at a negative cylinder axis of 90, relative to which they were about 80% 252 
higher at 157.5 and 180 axes. The two studies are broadly in agreement as to the influence 253 
of crossed-cylinder axis. In the previous study we modeled the effect of axis and found that 254 
there were considerable interactions between astigmatism and higher order astigmatism that 255 
influenced the results; these can be expected to apply in this study as well. 256 
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It might be that some people exhibit neural adaption, having better visual acuities for 257 
those crossed-cylinders, added relative to their corrections, that are aligned with their natural 258 
astigmatic axes than at other axes. It is also possible that the correction giving best visual 259 
acuity might lie between an “ideal” objective correction, that takes into account aberrations 260 
and is modified by neural factors (other than adaptation), and the uncorrected state. The 261 
tendency for either possibility will be influenced by how much the correction is worn. As an 262 
example, a person with an ideal objective correction of –1.00 DC x 180 (M –0.50 D, J180 –263 
0.50 D) might either prefer a correction of –0.25/–0.50 DC x 180 (M –0.50 D, J180 –0.25 D) 264 
or show only slight loss in visual acuity with this correction. Normalizing with respect to the 265 
objective refraction as we have done in this study, this would mean J180 +0. 25 D might be 266 
preferred or show little loss in visual acuity. We analyzed our results for these possibilities in 267 
our subjects, but neither trend was apparent. Of course, any neural adaptations were likely to 268 
be small for most of our subjects as only two of them had > 0.5 D cylinder. 269 
The rates of change of visual acuity per unit of blur strength for astigmatism were twice 270 
that occurring for defocus blur. This is not expected on the basis of geometric theory, nor 271 
does it match the results of our recent study that found astigmatism and defocus subjective 272 
blur limits were similar7. The blur range over which we were operating is smaller than is 273 
applicable to geometric theory, and results would be influenced by higher order aberrations. 274 
There were important differences between the crossed-cylinder and defocus measurements, 275 
with the use of cycloplegia for the latter and the use of a fixed pupil of 5 mm for latter rather 276 
than natural pupils in the range 4.5 mm to 6 mm. It is possible that some subjects may have 277 
increased accommodation in response to astigmatic blur, which would have worsened visual 278 
acuity, but this is unlikely to be important as the oldest subjects in the study would have 279 
limited, if any, ability to accommodate and their results were consistent with the rest of the 280 
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group. Thus, we can thus conclude that, at low blur strengths relevant to refraction (≤ 0.375 281 
D), astigmatism affects visual acuity more than defocus.  282 
 283 
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FIGURE CAPTIONS 288 
Fig. 1. Visual acuity for each subject at high and contrasts as a function of negative cylinder 289 
axis for each crossed-cylinder power. Error bars are standard deviations across the runs. Six 290 
subjects had 6 trials, and Subjects ZC (m-n) and SK (o-p) had only 2 trials. 291 
 292 
 293 
Fig. 2. Visual acuity for the subject group at high contrast (filled symbols) and low contrast 294 
(open symbols) as a function of negative cylinder axis for each crossed-cylinder. Error bars 295 
are standard deviations. 296 
 297 
Fig. 3. Contour maps for 4 subjects showing visual acuity as a function of J180 and J45. The 298 
positions of subjective refraction with respect to the waveguided refraction are marked by 299 
circles and are indicated in brackets. a) Subject GT high contrast (0.05 D, 0.03 D), b) 300 
subject DAA high contrast (+0.10 D, +0.06 D). c) RT low contrast (+0.15 D, +0.07 D). d) 301 
Subject GS low contrast (0.11 D, 0.01 D). 302 
 303 
Fig. 4. Visual acuity for subject AM at high contrast and low contrast as a function of added 304 
spherical lens power. Rates of change based on -0.375 D defocus relative to the added 305 
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power estimated to give the best visual acuity are 0.13 and 0.29 logMAR/D. Error bars are 306 
standard deviations. 307 
 308 
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